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NON . WAS LYE photoresponse (photocurrent/voltage  ,
reflectance, and transmittance) from ferroelectri.c
thin films and memory capacitors, with its strong
dependence not only on the remanent polarization,
but also on the film microstructure, crystal
orientation, and nature of the interfaces (state of
formation/ degradation, etc.) offers an excellent
“tool” for probing the ferroelectric capacitors at
virtually any stage of fabrication, including on-
line quality control. In fact, simultaneous
measurement of spectral photoresponse and spectral.
reflectance, as a distinctive signature of the
device probed, is an ideal, high speed, non -
invasive means of evaluation for such thin films at
high spatial resolution (-100 nm) using beam
scanning. This paper discusses three aspects of
such evaluation. First, the spectral transmittance
of the film as a direct function of the
microstructure, second, the use of band-gap
illumination (365 nm) to condition a fatigued
capacitor and , third, the high optical E field
interaction with the ferroelectric capacitor,
yield# a high speed photoresponse which is directly
related to the remanent polarization and the
operational history(status  of internal fields) of
the ferroelectric capacitor. Combined, these
different kinds of photoresponses provide a good
signature of the device quality.
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Non-volatile ferroelectric  memories are now in the advanced

stages of development where issues such as high-yield

manufacturability and long-term reliability are receiving

increasing attention today. The leading implementation schemel-4

selected for the VLSI ferro-memories i.s based on remanent

polarization within a ferroel.ectric capacitor, where the high speed

switching of the polarization state provides a memory readout.

The performance characteristics (such as fatigue: loss of

polarizabi.lity  with read-write cycling, and memory retention

issues- (a) aging: logarithmic decay of remanent polarization with

storage time (b) imprint: the tendency of polarization to gradually

return to a previously written state leading to bit error) of

ferroelectric memory capacitors are governed by parameters such as:

* stability of t h e electrode/ferroelectric

interfaces,

* orientation/epitaxy/crystallization  status of the

ferroelectric film,

* microstructure of the film: compactness, void

density, surface smoothness, grain size, etc. and

* operational history.

Although all

typically attempted

such critical parameters

to be well-controlled during

listed above are

the fabrication of



the memori es, there is no suitable IItoo].ll to conveniently and ncu

SieSt12.UXi.Yely “probe” the memory cells (during or after

fabrication) , with high spatial resolution and at high speed, for

their polarization

performance with

These problems are

behavior which in effect dicta~es their ultimate

respect to fatigue, lifetime, imprint, etc.

suspected to be originating due to the following

causes:

(a)

(b)

(c)

(d)

charged mobile defects (such as

existence of a-axis inclusions/

oxygen vacancies) ,

90° domain walls,

charge injection from the electrodes into traps in the

ferroelectric material, and

polarization of slow moving dipoles.

Particularly fatigue is suspected to occcur because of the

screening of the

accumulated space

significant strides

wi th the advent

oxide/perovskite

applied voltage/pinning of domains by the

charge/defects/traps. In the recent past,

have been made to address the issue of fatigue

of new fatigue free lly~l! material and

electrodes that provide

chemical/structural template for the growth of

thin film. Long term retention problems such as

continue to be a major reliability impediment

a more stable

the ferroelectric

imprint, however,

NQNQNWWXE photoresponse (photocurrent/voltage,  reflectance

and transmittance from ferroelectric thin films “ and memory

capacitorsG-14, with its strong dependence not only on the remanent

polarization, but also on the film microstructure, crystal

orientation, and nature of the interfaces (state of formation /

degradation, etc) offers]:’  just such an ideal “tool” for probing the
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ferroelect-ric capacitors at virtually any stage of fabrication,

including on-line quality control . In fact, simultaneous

measurement of spectral. photoresponse and spectral reflectance, as

a distinct si.gnat.ure of the device probed, is an ideal, high speed,

non-invasive means of evaluation for such thin films at high

spatial resolution (“ 100 nm) using beam scanning. This paper

discusses three aspects of such evaluation of ferroelectric lead

zirconate titanate (PZT) thin films. First, the spectral

transmittance

microstructure,

to condition a

of the film as a direct function of the

second, the use of band gap illumination (365 nm)

fatigued capacitor and, third, the high optical E

field interaction with the ferroelectric capacitor using pulsed

lasers at 532 nm, yielding a high speed photoresponse which is

directly related to the remanent polarization and the operational

hi story (status of the internal fields) of the ferroelectric

capacitor. This high speed photoresponse promises to be an unique

non-invasive measure of the internal fields in the ferroelectric

device as a evolving function of operation history, storage time

and environmental history. Combined, these different kinds of

photoresponses provide a good signature of the device quality.

ExP&~s

PZT

The

of

SPUTTER DEPOSITION

PZT films were deposited by multi-target de-reactive sputtering

lead, zirconium, and titanium sequentially on a substrate

rotating about the central axis of the chamber. The details of the

chamber and sputtering process are discussed elsewherelG. A variety



of substrates, including borosilicate glass, quartz, iridium tiin

oxide(ITO) glass, sapphire and passivated silicon were used for the

deposition. No intentional substrate heating was used. The

temperature of the substrate during deposition was monitored using

a thermocouple and was observed to stay below 60”C. The sputtering

was carried out in a reactive gas mixture of high purity (99.999%)

argon(inert gas) and oxygen(reactive  gas) . The flow rates of Ar and

Oz were independently controlled by their respective flowmeters.

The deposition routine typically consists of setting up the argon

ambient and presputteri.ng the targets to clean the surface. Next

oxygen is added and the ambient stabilised. The target powers are

set and the targets conditioned. Following this the shutter is

removed and deposition is initiated on the rotating targets.

Typical deposition conditions for obtaining film at the
/

$
morphotiropic phase bou ndary are as follows:

Background argon pressure, P~, = (8.0 - 8.5) mTorr

Sputtering pressure, P~,+-POz = (8.4 - 9.O)mTorr

Titanium sputter power . 60-75 watts’

Titanium sputtering current = 0.3A-O.35 A

Zirconium sputter power . 20-30 watts

Zirconium sputtering current = 0.15-0.2 A

Lead sputter power = 4.0 watts

Lead sputtering current = 0.05 A

Substrate to Target distance = 11.4 cm

Substrate rotation rate = 30-40 RPM

Deposition rates = 100-120 A/rein

F



As deposited the fj.lms were amorphous. The

obtained was baked in an open air furnace at

hour or at 500°C for two hours after attaining

to yield the Zr rich rhombohedral. phase. The

composite film so

525°C for one half

steady temperature

surface topography

of these films was studied using a Cambridge S250 Scanning Electron

Microscope. The transmission

spectral range of 200nm to 800 nm

5A Spectrophotometer.

SOL-GEL DEPOSITION:

response of these films in the

was observed using a Carey Model

The sol-gel lead zirconate titanate (PZT) thin films with a nominal

composition of (Zr:52, Ti:48) were deposited by a modified Sayer’s

Technique]””18 on oxidized silicon substrates covered with an

evaporated Ti/pt (“1OOO ~/1000~) base electrode. The lead

zirconate ti.tanate (PZT) film contained ’18% excess lead and were

‘2000 ~ thick. Crystallization of the as deposited PZT was

accomplished by annealing the films at 550”C for 10 minutes in

oxygen ambient. To complete a standard sandwich capacihor test

structure-’, semitransparent thin films of platinum (“ 150~ ) were

sputter-deposited as the top electrode. The top electrodes were

patterned by conventional lift-off techniques as dots of 125pm and

250pm diameter. Optical transmission through the semitransparent

top electrode films (A = 300 to 800 nm) was about 30%.

BAND-GAP ILLUMINATION SET-UP:

.
Photonic probing at 365 nm was done using a short arc mercury



lamp as the near UV/visible (300nm to 600nm) illumination source

with the strongest, line at 365rlm isolated using a filter. The

choice of this light source to obtain maximum photoresponse was

motivated by the bandgap value of PZT ‘3.5eV 10. A custom built

liquid light guide was utilized to deliver a 5mm divergent beam

with an intensity of ‘0.1 watt/cmz onto the sample. A shutter

controlled by a solenoid valve allowed a pulse illumination with a

minimum pulse length of about 1 sec. The effect of this

j.11.umination

The details

el.sewherel~’lg .

frequency.

HIGH SPEED

on fatigued and unfatigued capacitors was

of the set-up utilized have been

The hysteris loops were all recorded at

PHOTORESPONSE SET-UP:

observed.

presented

a 500 Hz

The high speed photoresponse measurements were done using an

energetic laser pulse that is capable of’ heating the device. The

doubled output

accousto-optic

at 532 nm from a Nd-YAG pulsed laser utilising

switching was utilized for this experiments. The

advantages of utilizing an accousto-optically switched laser over

the electro-optically switched laserG’8’g, in obtaining a low noise

response signal. free from electromagnetic pickup of the high

voltages (- KV) used for el.ectro-optic

illustrated elsewhere]2. The incident photon

the PZT bandgap (3.5 eV)’O, and was therefore

by the PZT. The laser pulse, has a full

(FWHM) of “ 1.0 ns and delivers power in the

switching, have been

energy was lower than

weakly (c 1%) absorbed

width at half maximum

range of
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2mW/pm2 - 20 mW/pm2 per pulse at 532 nm at a repeat frequency of

20 KHz. For the measurement of the photocurrent, the t--op and

bott,om electrodes of t,he ferro-capacitor  were connected across the

50[) internal impedance of an oscilloscope, which recorded the zero

bias photoresponse from the capacitor on illumination with the

laser pulse. The capacitor was poled positively by using a +4 V

pulse for 1 msec or negatively by a -4 V pulse for the same

duration.

DLELCLISfiQN  :

SURFACE TOPOGRAPHY & OPTICAL TRANSMISSION CORRELATION:

The angle of incidence of the sputter deposit was a very critical

parameter in determining the morphology and physical.

characteristics of the films. Pig. la shows the Scanning Electron

Microscope (SEM) picture of the surface

unrestricted manner, allowing all

(type A film) was rough, opaque,

shows the surface micrograph of

deposition

restricted

Transparent

parameters, except

angles

and of

a film

of a film deposited in an

of deposition. This film

ceramic quality. Fig. lb

obtained using identical

a collimator around each gun

the deposition to a near-perpendicular incidence.

electro-optic  quality films (type B film) were obtained

as a result of this restriction in the incidence angle of

deposition. Devices made from films of type A were typically

inferior in quality and had poor yield (more shorts or high leakage

resistance) compared to those of type B,

Fig 2(a) and 2(b) are the transmission spectra for PZT with

surface topographies corresponding to fig l(a) and 1 (b)



respectively. Therefore as is well-known, the transmission spectra

serve as a simple screening tool for films with high surface

roughness and high optical scattering from the films wi~h good

optical transmission quality.

EFFECT OF BAND-GAP LIGHT ILLUMINATION ON FERROELECTRIC  MEMORY

DEVICE :

Figure 3(a) shows the effec~ of band-gap light (365 nm)

illumination on a fresh unfatigued ferroelectric memory capacitor.

The dotted hysteresis loop i.s the one with no illumination and the

solid line exhibits the hysteresis loop with illumination (10 sec

pulse of 365 rim). It clearly shows that the 365 nm illumination

causes the hysterisi.s loop to shift along the Y-axis and also there

is a marked blooming of the hysteresis loop. Earlier 7-]1 we have

reported on the generation of a photovoltage/photocurrent due to

such illumination for the duration of the light pulse. The figure

3(b) shows a similar ~,comparison of the ‘with’ and ‘without’
.-,,, ,J

illumination states of’ hysteresis loop for this memory capacitor/(

fatigued to - 108 cycles. However, in both these cases

illumination was removed the hysteresis loops reverted

their original unilluminated status. This suggests

when the

back to

that the

unfatigued capacitors and mildly fatigued capacitors primarily show

only a reversible photoinduced change. Figure 4 illustrates the

effect of the 365 nm illumination on the ferroelectri.c capacitor

fatigued to 101° cycles. Figure 4(a) is the loop for the fresh

unfatigued capacitor, Fig 4(b) is the capacitor fatigued to 10]0

cycles, Fig 4(c) is the loop just after turn-off of illumination



and figure 4(d) is the loop in the steady state 5 hours after turn-

off. The temporal nature of the enhancement of the hysteresis loop

in terms of remanent polarization suggests the existence of traps

with different time constants. Progressively the cycling of the

memory capacitor causes evolution of free space charge and defects

that progressively fill up the trap sites. Illumination induced

charge pairs could either recombine with the free space charge or

cause emptying of the filled traps or cause both effects. The net

result i.s to give$’ rise to the observed_”10 steady photocurrent for

the duration of the illumination. This leads to removal of the

local screening fields due to the space charge and/or unpinning of

domains pinned by the traps and hence a recovery of the fatigued

state by regaining the loss of polarization. Similar observation

of recovery from fatigue by UV illumination has been made by Warren

et al?” and Lee et a12]. Additionally, figure 3 and 4 show that.

fatigue causes an increase in the coercive voltage suggesting

It is interesting to

has no effect on the

formation of a non-ferroelectric (resistive) interface/surface

layer in the ferroelectric  memory capacitor.

note that the bandgap illumination either

coercive voltage or in the fatigued cases causes a slight increase

in the coercive voltage suggesting that the re-distribution of the

charges could lead to a net increase of the resistive layer.

HIGH SPEED PHOTORESPONSE RESULTS :

A bipolar high speed photoresponse is obtained from freshly made

capacitors for positive and negatively poled states respectively at

p



laser pulse power of 2mW/pmz - 20 mW/pm7. The unipolar response

observed earlier~ was specif’i. c to the LSCO\PZT\LSCO capacitors

observed and was probably caused due to the presence of a

rectifying junction in series with the ferroelectri.c capacitor.

This was also evident in a marked shift of the hysteresis loops of

those capacitors along the Y-axis such that it was located

entirely in the negative quadrants. Figure 5 shows a comparison of

the high speed photoresponse from the unfatigued and fatigued

states of the memory capacitor (Pt/PZT/Pt) . The capacitance of the

unfatigued state was 2.4 nF and the capacitance of the fatigued

state was 1.3 nF. Figure 6 shows the corresponding hysteresis

loops for the unfatigued and fatigued states of the memory

respectively. The ratio of the unfatigued remanent polarization to

Lhe fatigued remanent polarization as determined from the

hysteresis loops is identical to the ratio of the corresponding

area under the peaks of the photoresponse signal for unfatigued and

fatigued case. This clearly shows that the area under the

photoresponse signal is proportional to the remanent polarization

of the memory capacitor. Also the area under the photoresponse

signal is interpretedG’B-]O as being proportional to the AP, the net

shift in the dipole moment due to the incidence of energetic laser

pulse onto the capacitor. The area under the photoresponse peak

therefore provides an excellent non-invasive, quantitative measure

of remanent polarization. Also we observe that the speed of the

photoresponse is directly dictated by the device capacitance and

hence the photoresponse is expected to become faster with reducing
.

ferroelectric  pixel size, allowing very high speed non-invasive

//



measure of the memory state for Ehe high density memories. The

illumination pulse is non-invasive. The change AP is followed by

an equivalent -AP so that that there is no net change in the

remanent polarization, P~ as verified by cross checking using the

conventional pulse switching measurement (DRO) . Also , it was

verified that the remanent polarization did no change for over 108

laser pulse readout cycles. Measurement of the photoresponse as a

function of frequeny shows that the amplitude of the response

saturates for frequencies lower than 10 Khz suggesting that the

response attains its maximum value at - 100 flsec.

The mechanismG’b  by which the shift hP occurs could be

pyroelectric (thermally triggered, associated with temperature

change within the PZT) , piezoelectric (due to propagation through

PZT of an acoustic deformation wave, initiated by a sudden thermal

expansion of the platinum top electrode) , or optical. rectification

(due to interaction of the E-field associated with the incident

photons and the internal fields within the ferroelectric.

Experiments on twin capacitors to test the possibility of

piezoelectric effect suggest that the piezoelectric contribution is

relatively small.

Furthermore

on the history of

we find that the photoresponse has a dependence

the memory capacitor. Fig 7 illustrates how the

high speed photoeffect sensitively reflects the polarization

history of the ferroelectric capacitor. A history has beeen

induced in an accelerated manner  by applying a unidirectional



voltage for extended duration of 10 sec. The figure shows that

the conventional pulse polarization destructive read-out (DRO)

merely exhibits a slight asymmetry as a reflection of the history.

In contrast, the high speed photoresponse shows an overall change
#

from bipolar to unipolar response and therefore~used directly for
/,

detecting the operational/environmental history of the

ferroelectric memory non-invasively. ~ti r~~ may be OE

sig~~ortance b@XUlsP ~_LhaLJlM2

@lQLQrmxlsdgM1._ln ‘ a~~~-~~

QQkXiZti ‘~~m~q inL-

wi.hhti..~-kmc~xic....  (i.e. is..Jhe_.-QJ2bkal xxxLificaLim

-eff!2MLanLLhQu2by prc2Yldes~~=da~XKWmJlg

fields withiQLk-fuKQ~&  Such measure is not available as

directly and non-invasively  by conventional electrical techniques.

Th&-guestiQnamummh_ad~g. is LheEKLJ22sulQLxaulLbe

.WE~&fti_lmg_L~fitigue and re~

QifX2LS with ~~x rel~~=ai.u~

rnemQxi12&
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JPL
SURFACETOPOGRAPHY OF

SEQUENTIAL, REACTIVE, MAGNETRON,
SPUTTER DEPOSITED PZT

PZT: HIGH OPTICAL
SCATTERING

SURFACE ROUGHNESS .Ipm

PZT: GOOD OPTICAL
TRANSMITTANCE

SURFACE ROUGHNESS - 0.2pm
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EFFECT OF BANDGAP ILLUMINATION
JPL COMPARISON UNFATIGUED

AND FATIGUED STATE

a

20 pClcm

UNFATIGUED

D07TED  LINE - WITHOUT ILLUMINATION
FULL LINE - WITH ILLUMINATION

b

I

FATIGUED, 108 CYCLES

f% 3



HYSTERESIS LOOPS AT 500 Hz: (a): INITIAL STATE (b) : FATIGUED STATE
(c) : ILLUMINATION REJUVENATED STATE, 1st LOOP AFTER ILLUMINATION TURN-OFF
(d) : ILLUMINATION OF REJUVENATED STATE, STEADY STATE LOOP AFTER ILLUMINATION TURN-OFF.
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JPL
HYSTERESIS LOOPS (1 kHz)

FATIGUED AND UNFATIGUED
STATES COMPARISON

I

i

pC/cm  2

UNFATIGUED  INITIAL STATE FATIGUED STATE (10’0 CYCLES)

20 pC/cm 2
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JI=tm PHOTORESPONSE: PROBING FOR
“HISTORYM OF THE FERROELECTRIC

CAPACITORS
HISTORY

*4 v, 1 msec, BIPOLAR

‘l-r
-5 V, 10 sec

_r
+5 V, 10 sec

READOUT
POLING

n +4 V, 1 mse(

u 4 V, 1 msec

n- +4 V, 1 msec

u 4 V, 1 msec

n +4 V, 1 msec

u
+ V, 1 msec

PHOTORESPONS

5
7
A

I
I

DRO, POLARIZATIOh

faG7



High Speed Photoresponse Analysis

Poling Ratio: Unfatigud  Polarizu(iott Ratio: AWU UWIW WA ulml,~ld

Polarity Fa[igued Po[ariz-a[ion Ar~u  Utl(kt” ~)d ,  fUl[,~U(d

determined by hysteresis loop determined by photoresponse
positive 2.57 2.57

I )

negative 2.62 j
/

2.65

I

I


